Aim: This study was to explore whether activating transcription factor 6 (ATF6), an important sensor to endoplasmic reticulum (ER) stress, would mediate oxidized low-density lipoprotein (ox-LDL) -induced cholesterol accumulation and apoptosis in cultured macrophages and the underlying molecular mechanisms. Methods: Intracellular lipid droplets and total cholesterol levels were assayed by oil red O staining and enzymatic colorimetry, respectively. Cell viability and apoptosis were determined using MTT assay and AnnexinV-FITC apoptosis detection kit, respectively. The nuclear translocation of ATF6 in cells was detected by immunofluorescence analysis. Protein and mRNA levels were examined by Western blot analysis and real time-PCR, respectively. ATF6 siRNA was transfected to RAW264.7 cells by lipofectamin. 
Introduction
Apoptosis is a key event in the progression of advanced atherosclerosis, a cardiovascular disorder that is the leading cause of death in developed as well as developing countries 1) . Apoptosis of macrophagederived foam cells, especially in advanced atherosclerotic lesions where phagocytic clearance of apoptotic macrophages is defective, leads to the development of a necrotic core of atherosclerotic plaque, and reduction of the excretion of cell matrix in the plaque region, which may contribute to plaque instability and the majority of cardiovascular complications [2] [3] [4] . Thus,
Isolation and Oxidation of Low Density Lipoprotein
Human LDL was isolated and oxidized as described recently 21) . In brief, LDL (density = 1.019 to 1.063 g/mL) was isolated from the plasma of normolipidemic donors by sequential ultracentrifugation, and incubated with 10 μmol/L CuSO4 for 18 hours at 37 ℃. At the end of incubation, 0.1 mmol/L EDTA was added to prevent further oxidation and the oxidized LDL was concentrated to 1 mg/mL. The extent of LDL oxidation was assessed on the basis of increased mobility in an agarose gel (compared to that of native LDL) and also by the presence of increased levels of thiobarbituric acid-reactive substances (TBARS) in the sample. Typically, ox-LDL preparations had TBARS of ＞30 μmol/g protein and a relative mobility index on agarose gels of 2.0-2.5 when compared to that of further elucidating the mechanisms of macrophage apoptosis in advanced lesions will be critical for the formation of novel therapeutic approaches to combat atherosclerotic lesion progression 2, 5) . Mitochondria play a crucial role in the control of cell death and apoptosis in most cells including macrophages 6, 7) . Apart from mitochondria, other cell organelles take part in cell death and its regulation 8) .
Recently, alteration in the function of the endoplasmic reticulum (ER), also known as ER stress, has been considered to be a cross-point to link cellular processes with multiple risk factors that exist in all stages of atherosclerosis 9) and is believed to play a critical role in lipid metabolic disorder 10) , activation of inflammatory reactions 11) , and cellular apoptosis 12) . It is well known that the ER stress response is an adaptive mechanism by which cells react to perturbations in ER homeostasis through translational attenuation and the up-regulation of ER-resident chaperones such as glucose-regulated protein (GRP) 78 and GRP 94; however, when ER function is severely impaired, the organelle spreads apoptotic signals. One component of the ER stressmediated apoptosis pathway is the activating transcription factor 6 (ATF6) -dependent activation of C/ EBP homologous protein (CHOP) [13] [14] [15] . ATF6 is a type Ⅱ transmembrane protein and its intra-ER domain is lined with GRP78, existing in an inactivated form. Under conditions of increased ER stress, ATF6 is dissociated from GRP 78, translocated to the Golgi apparatus, and processed by site 1 protease (S1P) or site 2 protease (S2P). Processed ATF6 translocates to the nucleus and promotes the expression of ER stress-responsive genes, including CHOP, a wellknown transcription factor which mediates ER stressinduced apoptosis 16, 17) . Oxidized low-density lipoprotein (ox-LDL) has been suggested as a major inducer leading to cholesterol accumulation and apoptosis in macrophages 7, 18, 19) . We have previously shown that ox-LDL can induce ER stress during the formation of macrophage-derived foam cells 20) ; therefore, we are interested in understanding whether ATF6 is involved in ox-LDLinduced cellular cholesterol accumulation and apoptosis in macrophages. In this study, we revealed that ox-LDL induces activation of the ER stress pathway, including the translocation of ATF6 from the cytoplasm to the nucleus and up-regulation of GRP78 and CHOP. An experiment using ATF6-specific small interfering RNA (siRNA) indicated that the activation of ATF6 is involved in ox-LDL-induced cholesterol accumulation and apoptosis in macrophages. observed using an Olympus BX51 microscope (Tokyo, Japan).
Isolation of Whole Cell and Nuclear Proteins and Western Blot Analysis
Total proteins and nuclear proteins from the treated cells were extracted using RIPA lysis buffer and nuclear extraction kits, respectively, following the manufacturer's instructions. Equal amounts of protein were subjected to 8% to 12% SDS-PAGE and transferred onto PVDF membranes by electroblotting. After blocking in Tris-buffered saline (TBS) containing 0.1% Tween 20 and 10% nonfat dry milk for 2 h at room temperature, the membranes were incubated with primary antibodies for 3 h at room temperature or overnight at 4 ℃. After washing four times with TBS containing 0.1% Tween 20, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies for 1 h at room temperature. Immunoblots were revealed by ECL reaction and visualized using a high-performance chemiluminescence film. The integrated optical density (IOD) of immunoreactive bands was measured using Image-Pro Plus software (version 6.0; Media Cybernetics, MD, USA) and normalized by a house-keeping protein (β-actin or histone).
RNA Extraction and Quantitative Real-Time PCR Analysis
Total RNA was extracted using Trizol reagent (Invitrogen) following the manufacturer's instructions. After contaminated genomic DNA was digested with DNase I (Roche Diagnostics), first-strand cDNA was synthesized using MuLV Reverse Transcriptase (Applied Biosystems) from 2 μg total RNA. The primers used for real-time PCR were synthesized by TaKaRa and listed in Table 1 . Real-time PCR was performed with a Rotor-Gene Q real-time PCR cycler (Qiagen) using SYBR-green PCR master mix kits (TianGen Biotech). Initial denaturation was performed at 94 ℃ for 10 minutes, followed by 40 cycles of denaturation at 94 ℃ for 20 seconds, then annealing at 56 ℃ for 30 seconds and extension at 68 ℃ for 30 seconds. The data were analyzed using Rotor-Gene Q software (version 1.7; Qiagen), and relative mRNA levels were calculated using the 2 −△△Ct method and normalized against β-actin. Each experiment was repeated three times.
Intracellular Lipid Droplet Observation by Oil Red O Staining
The treated cells grown on glass coverslips were washed with PBS, fixed with a 4% paraformaldehyde native LDL. Lipoproteins were stored at 4 ℃ in the dark and freshly prepared every two weeks.
Cells and Cell Culture
RAW264.7, a mouse macrophage cell line, was purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in DMEM supplemented with 2 mM glutamine, antibiotics (100 U/mL penicillin A and 100 U/mL streptomycin) and 10% fetal bovine serum. The cultures were maintained at 37 ℃ in a humidified incubator containing 5% CO2 until subconfluent, and then the medium was replaced with serum-free medium. The cells were stimulated with increasing concentrations (25, 50 and 100 mg/L) of ox-LDL for 12, 24 and 48 h, or in cubated with 5 mg/L TM (a classical ER stress inducer) for 12 h.
SiRNA Transfection
RAW264.7 cells (5×10 6 ) were seeded on six-well plates in growth medium without antibiotics and allowed to reach 30%-50% confluence. ATF6-specific or PERK-specific siRNA oligomer (200 pmol) and control siRNA oligomers (200 pmol) were diluted in 250 μL Opti-MEM I reduced serum medium (Invitrogen, Carlsbad, CA, USA) and combined with 5 μL Lipofectamine 2000 (Invitrogen) pre-diluted in 250 μL Opti-MEM. After 20 min incubation at room temperature, the complexes were added to the cells in a final volume of 2.5 mL medium. The ATF6 siRNAs were 5´-CUUUAAUGGUGCUAAGUGAdTdT-3´ (sense) and 5´-UCACUUAGCACCAUU AAAGdTdT-3´ (antisense), and the PERK siRNAs were 5´-GUAAUGGUGCACUUU CAAUdTdT-3´ (sense) and 5´-AUUGAAAGUGCACCAUUACdTdT-3´ (antisense). After transfection for 48 h, the cells were exposed to ox-LDL (100 mg/L) for 24 h. The silencing of ATF6 and PERK was validated by Western blotting and quantitative real-time PCR.
Immunofluorescence Assay for ATF6 Nuclear Relocation
The treated cells grown on glass coverslips were washed with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton-X 100, and blocked in 3% BSA. Samples were incubated with ATF6 antibody (1:100 in PBS-1 % BSA) for 1 h at room temperature. Following incubation with the appropriate secondary antibody (1:200 in PBS-1% BSA), the samples were incubated with SABC-Cy3 complex and 4',6-diamidino-2-phenylindole (DAPI). Coverslips were then washed with PBS and mounted in antifade reagent. Stained cells were group transfected with control siRNA (100%).
Detection of Apoptosis by Flow Cytometry Analysis and Laser Scanning Confocal Microscope
Annexin V-FITC/PI double-staining assay was used to quantify apoptosis, according to the manufacturer's protocol. ). Cells treated as described above were analyzed on glass coverslips using a laser scanning confocal microscope (Radiance 2100; Bio-Rad, USA) with 488-nm excitation and 525-nm emission wavelengths. Cells undergoing prophase apoptosis fluoresced bright green fluorescence due to Annexin V-FITC staining, whereas the nuclei of cells undergoing advanced stage apoptosis fluoresced cardinal red due to PI staining.
Statistical Analysis
Results are shown as the mean±SEM for at least three independent experiments. Statistical analysis was performed using one-way analysis of variance (ANOVA) followed by Student-Newmann-Keuls multiple comparison tests with SPSS13.0 software for Windows. P＜0.05 was considered significant.
Results

Induction of GRP78 and CHOP by Ox-LDL
The effect of ox-LDL on the expression of GRP78, an ER stress marker, was examined by immunoblotting analysis. GRP78 was present in untreated control cells and increased in response to treatment with TM (an inhibitor of N-linked glycosylation and solution for 20 min, stained with 0.5% Oil red O in isopropanol for 30 min, and counterstained with hematoxylin for another 5 min. The cells were observed using an Olympus BX51 microscope and analyzed with Image-Pro Plus software. The lipid droplet content was expressed as the average value of integrated optical density (IOD).
Intracellular Total Cholesterol (TC) Assay
The intracellular TC level was measured using a tissue/cell total cholesterol assay kit according to the manufacturer's instructions. In brief, the treated cells were harvested and divided into two equal portions to be processed for measurement of protein concentration and TC content, respectively. Lipids were extracted using the lysis solution provided in the kit. To determine the TC level, cholesterol ester hydrolase was used to convert cholesterol ester into free cholesterol. Then, cholesterol oxidase was used to generate H2O2 from the free cholesterol generated in the previous step, and peroxidase was used to catalyze the reaction of H2O2 with 4-amino-antipyrine and phenol to yield a stable rose-colored product. The absorbance of this colored product was measured at 550 nm with an Infinite F200 microplate reader (Tecan, Switzerland), and the concentration of TC was determined using a standard curve and normalized to the level of total cellular protein.
MTT Assay
Cell viability was determined using the MTT reduction assay according to the following method. Cells were seeded at a density of 5×10 3 cells/well in 96-well plates, transfected with ATF6 siRNA or PERK siRNA (80 nM), and subsequently treated with 100 mg/L ox-LDL for 24 h. Following incubation, MTT was added to a final concentration of 0.5 mg/ml and the samples were incubated at 37 ℃ for 4 h. After removing the supernatant, 150 μL dimethylsulfoxide (DMSO) was added to dissolve the formazan crystals, and the optical density (OD) was detected at 490 nm using an Infinite F200 microplate reader (Tecan). Cell viability was expressed as the percentage of the control stress-related protein, CHOP, which induces apoptosis. CHOP was barely present in untreated cells, but was induced by TM. Ox-LDL also clearly induced CHOP expression in a dose-and time-dependent manner ( Fig. 1A and 1B) . The effect of ox-LDL on the transcript levels of GRP78 and CHOP was also determined by quantitative real-time PCR (Fig. 1C and 1D) . Consistent with the Western blot results, ox-LDL treatment increased a representative ER stress inducer). Similarly, ox-LDL, at concentrations of 25, 50, and 100 mg/L for 24 h, increased the level of GRP78 protein by 84.0%, 245.5%, and 299.8%, respectively (Fig. 1A) . When RAW264.7 cells were incubated for 12, 24, and 48 h with 100 mg/L ox-LDL, the levels of GRP78 protein were increased by 256.6%, 374.4%, and 407.9%, respectively (Fig. 1B) . Additionally, we examined the effect of ox-LDL on the expression of another ER 
Activation of ATF6 by Ox-LDL
ER stress response element (ERSE) has been identified in the promoter of ER chaperones and CHOP genes 22) . ER transmembrane-localized ATF6-the levels of GRP78 and CHOP mRNA in a doseand time-dependent manner, suggesting that these ER stress-related proteins are induced at the level of transcription. showed diffused cytoplasmic localization in untreated control cells, whereas clusters of ATF6 were detected in the nuclear region in ox-LDL-or TM-treated cells, indicative of activated ATF6. For further confirmation of this point, the level of ATF6-p50 in the nucleus was measured by immunoblotting analysis (Fig. 2B and 2C ). The ATF6-p50 level increased significantly in nuclear extracts prep90 (the inactive form of ATF6 for ERSE-dependent transcription) is cleaved into ATF6-p50, which translocates to the nucleus where it specifically binds to ERSE to activate the transcription from ERSE 23) . The induction of GRP78 and CHOP by ox-LDL or TM (Fig. 1) suggests that ATF6-p90 is activated into ATF6-p50. Immunofluorescence analysis was used to confirm this hypothesis. As shown in Fig. 2A , ATF6 mRNA levels significantly, but had no significant effect on the expression of GRP78.
ATF6 SiRNA Inhibits Ox-LDL-Induced Cholesterol Accumulation in RAW264.7 Cells
Since intracellular cholesterol accumulation is a potent inducer of apoptosis in macrophage 24) , we tested whether ATF6 could mediate the cholesterol accumulation induced by ox-LDL. Oil red O staining for analysis of lipid droplets indicated that many lipid droplets were present in RAW264.7 cells treated with ox-LDL (100 mg/L) for 24 h; however, the ox-LDLinduced accumulation of lipid droplets was attenuated by ATF6 siRNA (Fig. 4A and 4B) .
Consistently with Oil red O staining data, the intracellular TC quantitative assay also indicated that the increase in intracellular TC content in RAW264.7 cells induced by ox-LDL was markedly attenuated by transfection with ATF6 siRNA (Fig. 4C) . These data indicated that ATF6 promoted ox-LDL-induced cholesterol accumulation in macrophages.
pared from cells treated with ox-LDL in a dose-and time-dependent manner, as well as with TM. These results suggest that ATF6 is activated in the presence of ox-LDL.
Effect of ATF6 SiRNA on the Ox-LDL-Induced Expression of GRP78 and CHOP
To determine whether the activation of ATF6 could trigger ox-LDL-induced ER stress, the siRNA against ATF6 was transfected into RAW264.7 cells before incubating the cells with ox-LDL. To observe the efficiency of RNA interference, the protein and mRNA expression of ATF6 were investigated by Western blotting and quantitative real-time RT-PCR, respectively. As seen in Fig. 3A and 3B, both protein and mRNA levels of ATF6 were downregulated by ATF6 siRNA in the absence or presence of ox-LDL. The effect of ATF6 on the upregulation of GRP78 and CHOP induced by ox-LDL was further determined. Results of Fig. 3C and 3D indicated that pretreatment with ATF6 siRNA inhibited the ox-LDLinduced upregulation of CHOP at protein and whereas the cells transfected with ATF6 siRNA prior to treatment with ox-LDL did not show these evident morphological changes associated with apoptosis.
PERK SiRNA Inhibits Ox-LDL-Induced Upregulation of P-PERK and CHOP
PERK is another upstream molecule that plays an important role in the induction of CHOP during ER stress 25) . To determine whether the activation of PERK could also trigger ox-LDL-induced ER stress, the siRNA against PERK was transfected into RAW264.7 cells before incubating the cells with ox-LDL. To observe the efficiency of RNA interference, the protein expression of PERK was investigated by Western blotting. As seen in Fig. 7A , PERK was downregulated by PERK siRNA in the absence or presence of ox-LDL. Fig. 7B and 7C indicate that treatment of cells with 100 mg/L ox-LDL for 24 h resulted in a significant increase in the phosphorylation of PERK and CHOP expression at both protein and mRNA levels; however, pretreatment with PERK siRNA inhibited significantly the ox-LDL-induced upregulation of p-PERK and CHOP.
PERK SiRNA Attenuates Ox-LDL-Induced Apoptosis of RAW264.7 Cells
The specific role of PERK in ox-LDL-induced cell death and apoptosis was determined by PERK siRNA transfection. MTT assay and flow cytometry analysis indicated that the ox-LDL-dependent decrease in cell viability and induction of apoptosis were suppressed significantly by transfection with PERK siRNA (Fig. 8A and 8B) .
Discussion
In this study, we have demonstrated that ox-LDL activates the ER transmembrane protein ATF6 via its cleavage, and subsequently stimulates the expression of CHOP. It is suggested that this upregulation of CHOP induced by ATF6 is involved in ox-LDLinduced apoptosis by showing that ATF6-specific siRNA transfection partially suppresses cellular cholesterol accumulation and apoptosis induced by ox-LDL.
CHOP, also known as growth arrest and DNA damage-inducible gene 153 (GADD153), is a leucine zipper transcription factor that is present at a low level under normal conditions but is robustly expressed in response to ER stress 26) . CHOP deficiency has been shown to attenuate myocardial reperfusion injury by inhibiting myocardial apoptosis and inflammation 27) . Mice deficient in CHOP are also markedly protected from pancreatic β-cell apoptosis and diabetes 28) .
ATF6 SiRNA Protects RAW264.7 Cells from Cell Death Induced by Ox-LDL
The specific role of ATF6 in ox-LDL-induced cell death was determined by ATF6 siRNA transfection. MTT assay indicated that addition of ox-LDL at 100 mg/L for 24 h decreased cell viability by approximately 53.2%; however, the ox-LDL-dependent decrease in cell viability was partially suppressed by transfection with ATF6 siRNA (Fig. 5) .
ATF6 SiRNA Attenuates Ox-LDL-Induced Apoptosis of RAW264.7 Cells
To determine whether the activation of ATF6 is involved in ox-LDL-induced apoptosis, RAW264.7 cells were transfected with ATF6 siRNA prior to treatment with ox-LDL. Results of flow cytometry analysis showed that apoptosis was induced in RAW264.7 cells treated with 100 mg/L ox-LDL for 24 h, which was reduced significantly by transfection with ATF6 siRNA (Fig. 6A) .
The morphologic changes of cells treated as described above were also observed using laser scanning confocal microscopy after Annexin V-FITC/PI staining of the cells. As illustrated in Fig. 6B , typical morphological changes, such as PI staining throughout the nuclei and a halo of bright green staining (AnnexinV-FITC) on the plasma membrane, appeared when cells were treated with 100 mg/L ox-LDL for 24 h, Cells were transfected with a siRNA against ATF6 or a negative control siRNA, followed by treatment with 100 mg/L ox-LDL for 24 h, and cell viability was measured by MTT assay and expressed as the percentage of the control group transfected with con-siRNA. Data are expressed as the mean±SEM of at least three independent experiments. LDL had an effect that resulted in the translocation of ATF6 from the cytoplasm into the nucleus. Interestingly, ATF6 silencing experiments showed that ATF6-specific siRNA inhibited the ox-LDL-induced upregulation of CHOP and apoptosis in RAW264.7 cells. This suggested that the ATF6-CHOP pathway is involved in the apoptosis of macrophage-derived foam cells. However, suppression of ox-LDL-induced upregulation of CHOP and apoptosis by ATF6-siRNA transfection was only partial (Fig. 3 and 6) , suggesting that ATF6 pathway-independent mechanisms are also involved in ox-LDL-induced apoptosis in macrophages. PERK is one of the upstream kinase activators of the ER stress pathway. Activation of PERK in response to ER stress leads to eukaryotic initiation factor 2 alpha (eIF2α) phosphorylation and transient protein synthesis inhibition. This block in translation leads to the synthesis of activating transcription factor 4 (ATF4), which binds to the C/EBP-ATF composite site and transactivates the CHOP promoter 25, 33) . We here showed that the phosphorylation of PERK was induced in the presence of ox-LDL, and PERK-specific siRNA also inhibited the ox-LDL-induced upregRecently, CHOP-mediated apoptosis in macrophages has been demonstrated to contribute to the instability of atherosclerotic plaques, and CHOP deficiency has been found to protect macrophages from ER stress-induced apoptosis in vitro and in advanced atherosclerotic lesions of mice 17, 24, 29, 30) . Thus, the induction of CHOP indicates an increase in ER-initiated apoptosis. In this study, we found that by mimicking TM, a classical ER stress inducer, ox-LDL upregulated the expression of CHOP in RAW264.7 cells in a concentration-and time-dependent manner. We also showed that not only the apoptotic ER stress response but also the adaptive response (induction of GRP78) is induced by ox-LDL. Previously, many papers have reported that the expression of GRP78 in cells suppresses apoptosis 31, 32) ; therefore, induction of GRP78 may be involved the protection of macrophages from ox-LDL-induced apoptosis.
As described in the introduction, ATF6 is an important upstream molecule that plays an important role in the induction of CHOP in ER stress; however, the role of ATF6 in ox-LDL-induced cholesterol accumulation and apoptosis in macrophages remains unclear. This study showed that, similar to TM, ox- The accumulation of intracellular cholesterol has been identified as an important inducer of macrophage death in advanced atherosclerotic lesions 2, 4) . It has been reported that cholesterol accumulation can induce apoptosis in cultured macrophages 21, 24) . Our data in this work demonstrated that ox-LDL could promote cholesterol accumulation in RAW264.7 macrophages and foam cell formation. Interestingly, we also found that ATF6-specific siRNA prevented ox-LDL-induced intercellular cholesterol accumulation, suggesting that ATF6 may mediate cholesterol accumulation in RAW264.7 macrophages induced by ox-LDL, but the associated mechanisms require further exploration.
In conclusion, the present study indicated that ulation of CHOP and apoptosis in RAW264.7 cells. This suggested that the PERK-CHOP pathway is also involved in ox-LDL-induced apoptosis in macrophages. In addition, ER stress activates apoptosis signal-regulating kinase 1 (ASK1) through inositolrequiring enzyme 1 (IRE1) and tumor necrosis factor receptor-associated factor 2 (TRAF2), and activated ASK1 induces apoptosis through c-Jun amino-terminal kinase (JNK) 34) . On the other hand, caspase-12, an ER-associated caspase, may also be involved in ER stress-induced apoptosis. ER stress causes procaspase-12 to cluster at the ER membrane where it is activated via IRE1 and TRAF2, and subsequently activates caspase-9 and -3 35, 36) . ox-LDL, and decrease ox-LDL-induced up-regulation of CHOP. These data suggest that ATF6 mediates ox-LDL-induced cholesterol accumulation and apoptosis in macrophages by up-regulating CHOP expression. Our findings provide an important demonstration that ATF6-mediated ER stress is associated with the formation and apoptosis of macrophage-derived foam cells, which may be considered a novel target in the prevention of atherosclerosis.
ox-LDL could induce cholesterol accumulation and apoptosis in RAW264.7 macrophages, which is accompanied by the activation of ATF6 and increased expression of CHOP. ATF6 siRNA could suppress cholesterol accumulation and apoptosis induced by 
